SUMMARY. Action potential duration and contractility are reduced following premature excitations, and gradually increase as the stimulus interval is lengthened. To examine these phenomena of electrical and mechanical restitution in the human heart, we simultaneously measured action potential duration and the maximum rate of left ventricular pressure in five patients undergoing electrophysiological study. Test beats were introduced at varying intervals after the last of a series of steady state intervals. By plotting action potential duration and maximum rate of left ventricular pressure as a function of the test interval, we formed electrical and mechanical restitution curves. When the rate of steady state pacing was increased, there was a decrease in action potential duration and an increase in the maximum rate of left ventricular pressure for all test intervals; i.e., a change in pacing rate affected action potential duration and maximum rate of left ventricular pressure of test responses in a reciprocal fashion. In addition, a higher steady state pacing rate allowed action potentials and contractile responses to be elicited at shorter test intervals, thereby displacing the electrical and mechanical restitution curves to the left. The magnitude of the leftward shift of both curves corresponded closely to the shortening of the steady state action potential duration induced by the increase in pacing rate. These findings confirm for the human heart that both electrical and mechanical restitution occur after membrane repolarization, i.e., as a function of the electrical diastolic interval preceding a beat, and not the stimulus interval. (Circ Res 53: 815-822, 1983) 
SUMMARY. Action potential duration and contractility are reduced following premature excitations, and gradually increase as the stimulus interval is lengthened. To examine these phenomena of electrical and mechanical restitution in the human heart, we simultaneously measured action potential duration and the maximum rate of left ventricular pressure in five patients undergoing electrophysiological study. Test beats were introduced at varying intervals after the last of a series of steady state intervals. By plotting action potential duration and maximum rate of left ventricular pressure as a function of the test interval, we formed electrical and mechanical restitution curves. When the rate of steady state pacing was increased, there was a decrease in action potential duration and an increase in the maximum rate of left ventricular pressure for all test intervals; i.e., a change in pacing rate affected action potential duration and maximum rate of left ventricular pressure of test responses in a reciprocal fashion. In addition, a higher steady state pacing rate allowed action potentials and contractile responses to be elicited at shorter test intervals, thereby displacing the electrical and mechanical restitution curves to the left. The magnitude of the leftward shift of both curves corresponded closely to the shortening of the steady state action potential duration induced by the increase in pacing rate. These findings confirm for the human heart that both electrical and mechanical restitution occur after membrane repolarization, i.e., as a function of the electrical diastolic interval preceding a beat, and not the stimulus interval. (Circ Res 53: 815-822, 1983) ACTION potential duration and contractility vary with the preceding stimulus interval; both are reduced in premature beats and increase as the stimulus interval is lengthened. These phenomena, termed "electrical* and "mechanical restitution" (Braveny and Kruta, 1958; Bass, 1975a Bass, , 1975b , are considered to reflect recovery of membrane conductances (Trautwein et al., 1975; Boyett and Jewell, 1978) and restoration of calcium releasability into the myoplasm (Fozzard and Gibbons, 1973; Edman and Johannsson, 1976) . In mammalian myocardium, action potential duration and contractility are also influenced by the prior heart rate history (Morad and Goldman, 1973; Boyett and Jewell, 1978) . Studies of cat papillary muscle preparations (Boyett, 1978; Boyett and Jewell, 1978) and of the intact canine heart (Elzinga et al., 1981; Drake et al., 1982) have shown that shortening of action potential duration induced by a higher pacing rate is accompanied by an increase in contractility. This inverse relationship has been explained by an increase in intracellular activator calcium which augments the contractile response and, at the same time, causes earlier repolarization of the cell membrane (Bassingthwaithe et al., 1976; Jewell, 1978, 1980) . While the time course of mechanical restitution of the human heart has recently been reported (Pidgeon et al., 1982) , the time course of electrical restitution in man and its relation to mechanical restitution are unknown. The first objective of the present study was to examine the time course and ratedependence of electrical restitution of the human heart. Second, by measuring an index of contractility simultaneously with action potentials, we examined whether the processes that govern electrical and mechanical restitution in the human heart are related.
Methods

Patients
Data are presented from five patients undergoing routine cardiac catheterizarion who fulfilled the criteria of: (1) normal myocardial function (as diagnosed by clinical and invasive methods), (2) low spontaneous heart rate and absence of early escape beats, permitting exploration of a wide range of basic and test cycle lengths, and (3) age not over 60 years, as myocardial properties may change with senescence (Capasso et al., 1983) . Measurements were made during quiet breathing or with respiration arrested during the beat under examination. Informed consent was obtained from each patient prior to the study, 816 which had been approved by the Kiel University's Committee on Human Investigation.
Electrical stimulation was performed from right atrial or ventricular sites with a bipolar pacing catheter introduced via an anticubital vein. Rectangular stimuli, 1 msec in duration and twice diastolic threshold strength, were produced by an isolated constant current source (Devices 2533), which was triggered by a programmable stimulator.
Measurements
Pressure
A Millar PC-355 or Gaeltec high-fidelity, catheter-tip manometer was introduced via a femoral artery and guided to the left ventricle. The maximum rate of rise of left ventricular pressure (LVdP/dt^) was derived from the amplified pressure waveform by an electronic differentiator, which was linear with frequency to 250 Hz, and expressed in mm Hg/sec. The differentiator was calibrated with a sawtooth waveform. The pressure catheter was statically calibrated in a bath at 37°C at the end of each study immediately upon withdrawal from the patient.
At very short test intervals during ventricular stimulation, mechanical responses occurred that were (used with the previous response, giving rise to a biphasic falling limb of the pressure wave form. Therefore, LVdP/dtn^ data were evaluated only if LV pressure curves were separated from each other by a fall in pressure below 15 mm Hg.
Monophasic Action Potentials
These were recorded from the right ventricular endocardium simultaneously with the LV pressure signals. Since the absolute duration of the cardiac action potential varies from site to site in the heart (Noble and Cohen, 1978) , we used a newly devised electrode catheter technique (Franz, 1983) which permits safe and stable recordings from a single endocardial site throughout the investigational period (up to 1.5 hours in our protocol). As in studies of isolated myocardial preparations, we assumed that the changes in action potential duration measured at a given site were representative for other myocardial regions.
Electrical and mechanical signals were displayed on a multichannel recorder (Electronics for Medicine, VR 12). Data were analyzed from on-or off-line photographic recordings at a paper speed of 100 mm/sec. The frequency response of the electronic and photographic recording system was flat from 0 to 2500 Hz.
Electrical Time Intervals
The action potential duration was measured as the time from the depolarization phase to 90% repolarization (or 70% in ventricular pacing studies). The interval between the depolarization phases of two consecutive MAPs, rather than the stimulus interval, was defined as the cycle length. The interval obtained by subtracting the MAP duration from the cycle length was defined as the 'electrical diastolic interval.'
Protocols
Electrical and Mechanical Restitution Curves
To determine electrical and mechanical restitution curves, we paced the heart at a constant basic cycle length until action potential duration and LVdP/dtn^ had reached a steady state (up to 3 minutes). A test stimulus Circulation Research/Vol. 53, No. 6, December 1983 then was applied after the refractory period of the last regularly paced response. Subsequent test stimuli were introduced at progressively longer test cycle lengths until escape beats occurred. After each test stimulus, regular pacing at the basic cycle length was resumed until recovery of the original steady state. Action potential durations and L V d P / d C values of test responses were plotted as a function of the test cycle length, thus constituting electrical and mechanical restitution curves, respectively.
So that the influence of heart rate on restitution curves could be determined, the basic pacing rate was increased and, after the new steady state had been reached, the above-described procedure of interpolating varying test cycle lengths was repeated.
Results
Electrical and Mechanical Restitution Curves
An example of an electrical and concomitant mechanical restitution curve is given in Figure 1 . The duration of the earliest ventricular action potential that could be elicited by atrial pacing was considerably shorter than that of the steady state action potential (Fig. IB) . With progressively increasing test cycle lengths, the action potential gradually lengthens, and, eventually, exceeds the duration of the steady state response. The mechanical restitution curve ( Fig. 1A) demonstrates progressive recovery of the contractile response to a plateau level [the "optimum contractile response" (Edman and Johannsson, 1976) ].
In all five patients, the duration of the steady state (control) action potential was stable within ±2% (see SD bars of circled points in Figs. IB, 2, and 3B) throughout the entire period required to construct restitution curves (up to 1.5 hours in our protocol, n = 5). Therefore, each test response was preceded by an action potential of constant duration. Consequently, by subtracting the steady state action potential duration from the basic cycle length, one obtains the duration of the electrical diastolic interval preceding the test response. In Figure 1 , this is emphasized by including an additional abscissa which indicates the duration of the electrical diastolic interval preceding the electrical and mechanical (test) responses.
Influence of Basic Pacing Frequency on Electrical Restitution
An increase in the rate of stimulation preceding the test stimuli had a number of effects which are illustrated in Figure 2 .
1. The duration of the steady state action potential (circled points and horizontal bars) decreased when the basic pacing rate was increased. The associated shortening of the effective refractory period means that action potentials could be elicited at shorter test cycle lengths. This increase in basic rate from 75 to 120 beats/min displaced the electrical restitution curve along the time axis to the left (by 80 msec in the example shown in Figure 2 ). 2. The duration of the steady state action potential at 75 beats/min fell on the shoulder of the electrical restitution curve (cf. Fig. 1 ). With increased basic pacing rate, the steady state duration moved further to the left of the electrical restitution curve, thus increasing the difference in duration between the steady state action potential and those at long test cycle lengths. With decreased pacing rates, as shown in Figure 3B , the steady state action potential duration moved to the right onto the plateau of the electrical restitution curve.
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FIGURE 1. LVdP/dtmn (part A) and duration of monophasic action potentials at 90% repolarizatwn (MAP^) (part B) plotted as a function of both the test cycle length and the electrical diastolic interval
3. An increase in the basic heart rate displaced the entire electrical restitution curve downward and flattened its slope. This indicates that the action Circulation Research/Vo/. 53, No. 6, December 1983 potential shortening effect of the higher heart rate persisted throughout the subsequent test pause.
In summary, there are two components to ratedependent shortening of the action potential. The first component controls action potential duration as a function of the diastolic interval immediately preceding the excitation, and its graphic representation is given by the electrical restitution curve. The second component is represented by the downward displacement of the electrical restitution curve which occurs with an increase in the prior pacing rate. The leftward shift of the electrical restitution curve with increased heart rate is a direct consequence of the rate-dependent shortening of the action potential; it 
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indicates that action potential duration recovers as a function of the preceding electrical diastolic interval, not the cycle length.
Early Phase of Electrical Restitution
The curves shown in Figures 1 and 2 were determined by atrial pacing and, therefore, could not show the initial phase of electrical restitution. To circumvent the atrioventricular conduction delay and to examine the time course of early electrical restitution, pacing was carried out from a ventricular site in two patients. Results were similar in both patients and revealed a biphasic time course of the initial phase of electrical restitution (Fig. 3B ): action potential duration reached an early maximum at about 100 msec after the previous repolarization phase, decreased again with longer cycle lengths, and then steadily increased to a plateau value, as seen in the atrial pacing studies. Figure 4 shows some of the original recordings that underly the graphic representation in Figure 3B . The increased duration of action potentials elicited at diastolic intervals between 50 and 160 msec was due to an increased plateau (phase 2) duration while phase 3 was unchanged or slightly steepened (Fig. 4B) . In contrast, the greater overall duration of action potentials following a long pause was due to a flattening of phase 3 (Fig. 4C ). These changes in duration and configuration of test action potentials following abrupt changes in cycle length could be distinguished from those at different steady state heart rates in which only the plateau duration showed significant changes with the slope of phase 3 unaltered (Fig. 4, D and E) . The other features of electrical restitution in these two ventricular pacing studies were similar to those from atrial pacing studies. An increase in basic rate produced both a downward and a leftward displacement of the electrical restitution curve, as well as a shift of the steady state action potential duration from the plateau to the left onto the shoulder of the curve. The leftward shift resulted again from the fact that the steady state action potential duration was shorter at the higher heart rate and action potentials could be elicited earlier after the previous response (Fig. 3B) .
Influence of Basic Pacing Frequency on Mechanical Restitution
Figure 3 also illustrates that, whereas an increase in pacing rate results in a downward shift of the electrical restitution curve, the mechanical restitution curve is shifted upward, indicating greater contractility at any given test cycle length. Simultaneously, the higher pacing rate displaced the mechanical restitution curve to the left. The leftward shift of the mechanical restitution curve related quantitatively to that of the concomitant electrical restitution curve and to the shortening of the steady state action potential preceding the test responses (approx. 150 msec in the example shown in Fig. 3) . If the steady state action potential durations (indicated by horizontal bars in Fig. 3) were subtracted from the cycle length (i.e., data points were plotted as a function of the electrical diastolic interval), the leftward shift would not be present.
Discussion
Our results identify two components of rate-dependent shortening of the human cardiac action potential (Figs. IB, 2, and 3B). These are incomplete recovery of action potential duration at cycle lengths below 800-1000 msec or above heart rates of 60-75 beats/min, and a downward shift of the entire electrical restitution curve following an increase in the basic heart rate.
The first component of rate-dependent shortening of the action potential duration is considered to be incomplete recovery of the membrane between beats, and the time course with which this factor disappears is given by the electrical restitution curve (Bass, 1975a (Bass, , 1975b Boyett and Jewell, 1978) . Consistent with the results derived by Boyett and Jewell (1978) from isolated cardiac muscle, the electrical restitution curve at a low basic heart rate (60 beats/ mrn) reaches a plateau at a relatively short cycle length of about 1.2 seconds (Fig. 3B) , whereas those at higher heart rates continue to rise at cycle lengths of up to 2 seconds (Figs. 2 and 3B ). (It was not always possible, in this clinical study, to determine the time at which the plateau of the electrical resti-820 tution curve is reached.) At low heart rates (Fig. 3B ) the steady state action potential duration lies in the plateau of the electrical restitution curve, and this suggests that recovery between consecutive steady state beats was complete. With higher stimulus rates, the steady state point slides off the plateau and onto the shoulder of the curve, indicating increasingly incomplete recovery between beats (Figs. 2 and 3B) . There are at least two membrane recovery processes that could be curtailed by a reduction in the interval between beats: one is the recovery of the calciummediated slow inward current, the other is the decay of the potassium-mediated outward current. Since these two processes have different time constants (Beeler and Reuter, 1977) , their relative importance in the electrical restitution process may vary with the rate of stimulation. The slightly lower stimulus rate at which we observed incomplete electrical restitution [at 83 beats/min, compared with 120 beats/ min, in cat papillary muscle, studied by Boyett and Jewell (1978) ] may be attributable to the lower resting heart rate in humans.
The second component to rate-dependent shortening of the action potential is reflected by the downward shift of the electrical restitution curve following an increase in pacing rate. This component has also been demonstrated in isolated papillary muscle (Boyett and Jewell, 1978) and in the in situ canine heart (Drake et al., 1982) . Boyett and Jewell suggested that this factor reflects intracellular calcium accumulation, since in their experiments a downward shift of the electrical restitution curve could also be produced by an increase in the bathing calcium ion concentration.
The initial phase of electrical restitution showed a "transient" increase in action potential duration which reached a maximum at about 100 msec after repolarization of the preceding steady state response. Such augmented premature action potentials have previously been observed in ventricular preparations of rabbit (Gibbs and Johnson, 1961) , dog (Edmands et al., 1966; Greenspan et al., 1967; Miller et al., 1971; Iinuma and Kato, 1979) , cat (Bass, 1975b) , and sheep (Noble and Cohen, 1978) . Since their total duration may exceed that of the steady state response (Figs. 3B and 4B), they have been termed "supernormal premature action potentials" (Boyett and Jewell, 1980) . Our failure to observe supernormal ventricular action potentials and a biphasic time course of electrical restitution in atrial pacing studies was probably due to the refractory period of the atrioventricular node which precluded a sufficient degree of prematurity of ventricular beats.
Our data on mechanical restitution of the human heart are consistent with previous reports on isolated cardiac preparations (Braveny and Kruta, 1958; Rumberger and Reichel, 1972; Edman and Johannsson, 1976; Wohlfart, 1979) and intact canine (Pidgeon et al., 1980; Elzinga et al., 1981; Drake et al., 1982) and human ventricles (Pidgeon et al., 1982) Circulation Research/Vol. 53, No. 6, December 1983 in that the mechanical restitution curve is characterized by a steep initial slope, reaches a maximum at cycle lengths of about 800-1000 msec, and then maintains a plateau or slightly declines at long intervals. As has also been shown in previous studies on excised and intact cardiac muscle, an increase in the basic rate of stimulation results in an upward shift of the mechanical restitution curve, i.e., a higher contractility at any given test interval (Edman and Johannsson, 1976; Pidgeon et al., 1980) . Measurements of contractile indices in the human heart, however, are likely to be influenced by hemodynamic loading conditions. In a recent study of isolated intact canine ventricles (Burkhoff et al., in press) , differences between the slopes and maxima of mechanical restitution curves from isovolumically bearing and ejecting ventricles were noted. In this study, we do not choose to interpret such details, but limit our interpretation to the rate-dependent displacement of the mechanical restitution curve, which is consistent with previously reported studies under controlled loading conditions.
Relation between Electrical and Mechanical Restitution
Simultaneous measurements of action potential duration and contractile responses demonstrated that the upward shift of the mechanical restitution curve following an increased stimulation rate was associated with a downward shift of the electrical restitution curve. This inverse relationship between action potential duration and contractility with an increase in heart rate has previously been noted in isolated cardiac muscle (Wohlfart, 1979) and intact ventricles (Elzinga et al., 1981; Drake et al., 1982) . As proposed by Boyett and Jewell (1980) and Drake et al. (1982) , the persistence of this rate-dependent effect throughout the entire time course of electrical and mechanical restitution points to a longer-lasting component as the underlying cause, believed to be intra-or extracellular ion accumulation.
An increase in the basic rate of stimulation had a second effect on both electrical and mechanical restitution which is represented by the shift of both curves along the time axis to the left. The leftward shift corresponded closely to the shortening of the steady state action potential and would have been absent had electrical and mechanical test responses been determined as a function of the electrical diastolic interval rather than the cycle length (Fig. 3) . A rate-dependent shift of the electrical restitution curve to shorter test cycle lengths has previously been demonstrated in cat papillary muscle and explained by the shortening of the steady state action potential and refractory period (Boyett and Jewell, 1978) . The concomitant leftward shift of the mechanical restitution curve suggests that recovery of contractility also begins in close temporal association with membrane repolarization. This finding is consistent with voltage-clamp studies on sheep Purkinje fibers (Gibbons and Fozzard, 1971 ) and dog (Beeler Franz et al. /Electrical and Mechanical Restitution in Man and Reuter, 1970) and cat ventricular muscle (Tritthart et al., 1973; Trautwein et al., 1975) which previously showed that the process by which mechanical restitution occurs is voltage-dependent and proceeds at appreciable rates only after the membrane has repolarized to near its resting potential. To explain this phenomenon, a system ot two, functionally distinct intracellular stores of activator calcium has been assumed (e.g., Beeler and Reuter, 1970; Gibbons and Fozzard, 1971; Fozzard and Gibbons, 1973; Tritthart et al., 1973) . In this system, calcium sequestered from the myofilament space during relaxation first enters an uptake store from which it is transferred to a release store. Transfer of activator calcium from the uptake to the release store is voltage-and time-dependent, and the time course of this transfer is reflected by the mechanical restitution curve.
Although the dependence of recovery of cardiac contractility on membrane repolarization is implicit in the early work of Siebens et al. (1959) and has been quantified for both the degree and duration of repolarization by Gibbons and Fozzard (1971) more than 10 years ago, these observations have received little appreciation in studies on the force-interval relationship of cardiac muscle (which still relate to the total cycle length or stimulus interval alone) (for a review see Johnson, 1979) . The dependence of contractility on the duration of the electrical diastolic interval preceding a beat may have important clinical implications. Patients who have longer-thannormal action potentials, due to disease or pharmacological interventions, have relatively shorter electrical diastolic intervals. This could curtail mechanical restitution between beats and lead to decreased contractility, particularly at high heart rates. Thus, simultaneous measurements of action potentials and contractile responses, as shown in this study, may provide insight into excitation-contraction coupling in humans, and thus may be important for the clinical evaluation of cardiac electrical and contractile disorders.
